Introduction
We should be careful in MRI procedures in patients with a metallic implant because there is a risk of injury.
In particular, if the implant is made of a magnetic sub stance, displacement and rotation of the implant by the static magnetic field and RF heating may take place, leading to serious accidents during the MRI procedure.
MRI examination is generally forbidden in such a case.
Therefore, detailed medical examination by interview has been crucial before the beginning of MRI procedures in most hospitals. But if the material of the implant is titanium or stainless steel, the MRI examination is often performed, because in this case the risk is relatively low compared with that of magnetic substances. However, the risk of RF heating was pointed out even in cases of a nonmagnetizing metallic implant exposed to RF irradiation.
There have been many reports on RF heating during MRI procedure. [1] [2] [3] [4] [5] [6] Recently, investigations of MRI safety for 3 T MR scanners were reported. [7] [8] [9] Despite such detailed studies, there is no definite guideline for measures concerning RF heating for implanted patients up to now.
In our previous studies concerning RF heating of a humerus implant embedded in a gel-phantom during MRI procedure, several factors affecting RF heating were investigated, including the depth from the phantom surface, specific absorption rate (SAR), angle between the implant and static magnetic field, and position of the implant in the RF irradiation coil in a 1.5 T MR system. 10) Moreover, we performed electromagnetic simulation of RF heating and compared the results with the experimental ones. 11) RF heating of the implant was considered to be caused by a complicated interaction between the eddy Hiroyuki Muranaka, 1) Takayoshi Horiguchi, 2) Yoshitake Ueda, 2) Shuji Usui, 2) Nobuyoshi Tanki, 2) and Osamu Nakamura 3)
Summary
Purpose: We evaluate radiofrequency (RF) heating of two kinds of hip joint implants of different sizes, shapes and materials. Temperature rises at various positions of each implant are measured and compared with a computer simulation based on electromagnetic-field analysis. Methods: Two kinds of implants made of cobalt-chromium alloy and titanium alloy were embedded at a 2-cm depth of tissue-equivalent gel-phantom. The phantom was placed parallel to the static magnetic field of a 1.5 T MRI device. Scans were conducted at the specific absorption rate of 2.5 W/kg for 15 min, and temperatures were recorded with RF-transparent fiberoptic sensors. Temperatures of the implant surface were measured at 6 positions, from the tip to the head. Measured temperature rises were compared with the results of electromagnetic-field analysis. Results: The maximum temperature rise was observed at the tip of each implant, and it was 9.0˚C for the cobaltchromium implant and 5.3˚C for the titanium implant. The simulated heating positions with electromagneticfield analysis accorded with experimental results. However, a difference in temperature rise was seen with the titanium implant. Conclusion: RF heating was confirmed to take place at both ends of the implants in spite of their different shapes. The maximum temperature rise was observed at the tip where there is large curvature. The value was found to depend on physical properties of the implant materials. The discrepancy between experimental and simulated temperature rises was presumed to be the result of an incomplete model for the titanium implant. 
1-2 Two kinds of hip joint implants and phantom
In this experiment, we used two kinds of implants made of cobalt-chromium alloy and titanium alloy, respectively. Both implants were a nonmagnetizing metallic implant (Zimmer Inc.). The head of these implants made of chromium alloy was common and was shown as a in Table 1 .
The tissue-equivalent gel-phantom was made according to the modified procedure of Kato et al. 13) Its total weight was about 13 kg. The implant was embedded parallel to the direction of a static magnetic field as shown in Fig. 2a , and at a depth of 2 cm from the phantom The head part of two implants was common and semi-spherical, and measured 28 mm in diameter (a). The two implants had a stem that was 140 mm long in the case of the Co-Cr implant (b), and 160 mm long in the case of the Ti implant (c). The shapes of the neck part of both implants were the same and had an equal bending angle, but as for other details of the two implants, they had different shapes and widths, as shown in the figure.
surface, because this geometry was found to generate large RF heating in our previous study. was maintained in advance at 24°C, and the phantom was left more than 4 hours to equilibrate it with the room temperature before the experiment. All measurements were performed 3 times and the averaged value was considered to be the experimental temperature.
1-4 Electromagnetic-field analysis
The model design of both the implants and the phantom was performed with pre-post processor Femap (UGS Co., Ltd.), which was based on the finite element PHOTO-THERMO is a thermal conduction analysis software that is capable of calculating temperature distribution. As input parameters, the shape of the object, thermal conductivity, specific heat, mass density and the boundary conditions are required. Experimental temperature rises were compared with simulated ones for all measured positions in Table   2 . Temperature rises increased at both ends of the implants (#1 and #5), where tendencies were similar to those in a humerus nail implant. However, the position #5 at the head of the implants showed a lower temperature rise in comparison with position #1 at the tip of the implants, because the curvature of position #5 was considerably smaller than the corresponding position of the humerus nail implant in our previous study. 10, 11) The temperature rises at position #3, which had the largest curvature, and at position #6, where a hole existed, were found to be relatively low. T e mp er a t ur e s o f t w o imp l a n t s ur f a c e s w er e measured at 6 positions, shown as #1-#6, respectively, from the tip to the head. The temperature rises for both implants were the largest at the tip.
2-2 Simulated eddy current and temperature maps
We performed the simulation by electromagnetic-field analysis with PHOTO-EDDYjω and PHOTO-THERMO for the implants embedded in phantom after 15-min RF irradiation, as shown in Fig. 5 . In the figure, the eddy current maps for the Co-Cr and Ti implants are shown in Fig. 5a and 5b, respectively, and the temperature maps for the Co-Cr and Ti implants are shown in Fig. 5c and 5d, respectively. It can be seen that the eddy current generated in the phantom flows through the periphery of the phantom, and concentrates on both ends of the implants. As a result, maximum temperature rises can be seen at the tip parts of both implants in three-dimensional temperature maps of Fig. 5c and 5d.
In addition, the results of electromagnetic-field analysis only for implant parts after 15-min RF irradiation are shown in Fig. 6 . In the figure, the eddy current maps for the Co-Cr and Ti implants are shown in Fig. 6a and   6b , respectively, and the temperature maps for the Co-Cr and Ti implants are shown in Fig. 6c and 6d, respectively. The eddy current maps in both implants showed similar tendencies, that is, the eddy currents flowed from the tip to the head through the edge of the implant, and reached a maximum at the outer periphery of the central region of the stem. Maximum temperature rises were seen at the tip parts of both implants.
3．Discussion
In this experiment, RF heating was proved to take place at both ends even in the hip joint implants having complicated shapes, as well as in the bar-shaped implant in our previous study. As can be seen from the eddy current maps (Fig. 5a,   5b ), the current flowed through the surrounding of the phantom in a loop, and the induced current in both implants flowed from the one end to the other (Fig. 6a,   6b ). Thus, the generated induced current concentrated at the tip of the implant. And this current passed through the region of larger electrical resistance of the phantom. Consequently, RF heating was thought to be caused by the Joule loss resulting from the sudden increase of electrical resistance at the border between t he t ip of t he im pla n t a nd t he pha n t om. Sim ila r phenomena have already been reported. [14] [15] [16] [17] Based on this finding, it was thought that RF heating was not observed at position #3, which had the largest curvature in this geometry.
In the following, we consider the difference in RF heating in Co-Cr and Ti implants. First, one of the reasons is thought to be the influence derived from the difference in the physical properties of the materials.
The cobalt-chromium alloy has a little larger magnetic permeability than the titanium alloy, and consequently is easy to absorb RF power. In addition, the temperature is easy to rise in the cobalt-chromium alloy, because its specific heat is smaller, and its thermal conductivity is larger than that of the titanium alloy (Table 1 ). This may be the reason why the temperature of the Co-Cr implant rises more rapidly than that of Ti implant. The electrical conductivity of the phantom is very small compared with those of the two implants. However, there is still a definite difference in RF heating, even though the difference of electrical conductivity between these two implants is much smaller than that between the phantom and the implants.
A second reason is thought to be the difference in the shape of the two implants. The simulated temperature values could not precisely reproduce the experimental In addition, there are also blood vessels in the inside of internal organs and surrounding them, and blood flow has a cooling effect on local heating generated inside the human body. Therefore, the application of electromagnetic-field analysis for the actual human body is considerably difficult in the present stage.
4．Conclusion
First, we investigated the dependence of RF heating on the difference in the electrical properties of metallic The mesh region embedded in a cavity in the triangle part of the implant was enclosed with a dotted line and had a definite boundary, but could not be reproduced in the simulation model.
implants. As in our previous experiment that used metallic balls of several materials, the temperature rise was larger for the metallic implant having greater permeability and electrical conductivity. Therefore, it was confirmed that RF heating depended on the electrical characteristics of metallic implants.
Second, the part where the temperature readily increased was identified for metallic implants having complicated shapes. As a result, it was found that the temperature rise reached its maximum at tip parts having a large curvature.
Third, the computer simulation with electromagneticfield analysis proved to be considerably useful for the implants having a simple shape, such as a humerus implant, and a complicated shape, such as the Co-Cr hip joint implant. However, the Ti hip joint implant had a particular composition such as a mesh region, which was not taken into consideration in the model design of the simulation. This is the reason why the precise evaluation of temperature rise with the simulation was rather difficult for the Ti implant.
The fundamental experiment using tissue-equivalent phantom and its electromagnetic computer simulation are thought to be very useful in analyzing the mechanism of RF heating in the MRI procedure.
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